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‘TRACER STUDIES 
Ac Tntroduetion 

‘The rates of many chenical reactions are influenced by solid 
surfaces, which act as catalysts for the reaction. Heterogeneous 
catalysis concerns adsorption of reactant molecules on the surface 
of the solid catalyst. A surface reaction consists of the following 
elenentary steps: 

(2) Diffusion of reastants to surface. 

(2) Adsorption of reactants at surface. 

(3) Chemieal reaction on the surface. 

(4) Desorption of produets from surface. 

(5) Diffusion of products away fron surface, 

Sines these steps are consecutive, the slowest step is rate~deterining, 
Steps (2) and (4) may be the slow stages in sone reactions. Usually, 
however, the reaction at the surface, step (3), is believed to be 
rate-determining. 

A solid catalyst functions such that reactants are brought 
into a more highly reactive state than that possible in the gas phase 
under the sane conditions of temperature and pressure. This is 
Drought about by the fornation of a chemisorbed layer on the solid 
surface. A small group of neighbor or nearneighbor atone functions 
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as the effective catalyst uit, exerting forces which assist the 
breaking of some bonds of the reactant. The formation of other bonds 
4s aleo aided by the catalyst, which orients the reactants on the 
surface such that the atons required for the reaction products are 
‘brought into close proximity. 

Sines the reaction takes place at the solid-gas interface, 
‘the surface of the solid must be an important factor in the catalysis 
nechanisn. Studies have been made of several features involving 
solid catalysts, such as surface area, pore structure, lattice spacing, 
and unsatisfied valence forces. Small pores appear to have a strong 
Anfluence upon eatalytic properties, which arises fron their control 
of the partial pressure of the reactant molecules in the inner pore 
recesses. The geometry of a solid surface and the unsatisfied valence 
forces influence the attractive forces of different catalyst atons for 
Various parts of the reactant molecules. The surface may show a large 
variation in properties from point to point, so that only a small. 
Portion of the total surface is catalytically active. The catalyst 
surface, then, is in many eases non-uniform in character, so that the 
catalytic activity resides only in certain active centers. A solid 
surface of this type is called heterogeneous. 

‘Because of the inclusion of adsorption and desorption in 
nechanisns of reactions on solid catalysts, studies of these phenonena 
have aided in the development of ideas about catalysis. Many adsorption 
studies have yielded results consistent with the concept of a non-wniforn 
surface which varies in catalytic activity fron one spot to another. 


At the present tine, relatively little epecifie information 
As known concerning the structural and energetic conditions of surfaces, 
in spite of their fudanental importance not only for catalytic 
Processes, but for chemical reactions in general. A small beginning 
has been made toward elueidation of the adsorption and reaction 
mechanisn, and development of nethods for deternining the surface 
of the catalyst, Sone of the difficulties include a lack of knowledge 
of the real distense of the adsorbed ator or molecule fron the 
adsorbing surface, and a lack of knowledge of the repulsion forces 
involved. 

‘Tt 4s generally considered that the active sites in a solid 
catalyst exist in such forns as crevices, cavities, the inside of 
racks, recessed parts of the surface, and especially, the inside 
of capillaries. Physical adsorption studies showing snooth-running 
adsorption isotherms rather than 2 step-wise adsorption are taken as 
evidence for a heterogeneous distribution of adsorption sites of various 
strengths. It is quite possible, however, for a surface to be 
heterogeneous for physical adsorption, but homogeneous in character 
for chemisorption. Nevertheless, an apparent surface heterogensity 
has often been found in chemisorption studies. 

Covalent bonds between adsorbed molecules and oxide or salt 
surfaces should perhaps be highly dependent on active spots, since the 
formation of these bonds greatly alters the distribution of electric 
charges in their neighborhood. Therefore, it is not only the strength 
of the bond which is formed that is important, but also the change in 
strength of neighboring bonds in the solid. The configuration of the 


surface often creates various types of merodefects, which induce 
chenisorption much more readily than the remainder of the surface. 
Also, heterogencities are sonstines created during, and by, the 
chenisorption process. 

Several experinental methods have been used to study 
heterogeneity of a surface for chesisorption, including study of 
crystal faces at the surface, and study of inhibition of reactions 
ty catalytic poisons. Another method of investigation has been to 
perforn the adsorption in two steps by use of two different isotope 
forms, Should the surface be of a honogensous nature, the adsorbed 
stons would all be in the sane condition. Therefore, upon subsequent 
desorption, the isotopic composition of the various portions should 
be the sane. If, however, the surface has a heterogeneous character, 
‘the fraction of the gas added first during the adsorption process 
should be renoved last fron the surface during the desorption process. 

This last procedure forms the basis for the present work. 
Portions of tagged and untagged alcohol were adsorbed on alunina 
‘samples at room tenperature, in various order, and for various periods 
of tine, The tagged slechol contained U at the beta position, 
Fractions were desorbed at twenty degree temperature inerenents, fron 
100 to 220 degrees Centigrade, condensed in a Dry~Ice trap, and 
counted with a vibrating-reed slectronster to determine the relative 
Aeotepic composition of each fraction. 


‘Be Retienof Previous Work 
1:_The Catalyst _— Structure and Activation of Alumina 


‘The variation of surface area of alunina vith increasing 
temperatures of activation has been studied by Borosov, Dsis'ko, and 
Borisova (1), and Brey and Krieger (2). It was found that for 
activation tenperatures below 600° the surface area is essentially 
constant, Increasing the activation temperature to 750° decreases 
‘the area by alnost 15 per cent while heating to 950° further decreases 
the area by nearly 40 per cent. This decrease in surface area nay be 
attributable to the disappearance of narrow pores. 

Changes in the crystal structure of alumina with increasing 
activation temperatures were studied by means of X-ray diffraction 
neasurenents by Brey and Krieger (2). Samples activated between 500° 
and 900° consist of gama aluxina. Samples activated at 1000° are 
partially converted to the alpha form while higher activation 
‘temperatures cause larger conversions to the alpha form. 

Brey and Krieger (2) also made a study of the variation in 
activity of alunina with changes in surface area and increasing 
activation temperatures. They measured the activity of samples of 
alumina activated by heating in vacuum and in the presence of water 
‘Vapor at temperatures between 500° and 1000° for the dehydration of 
ethanol at temperatures of 350° and 400°. ‘The surface area of the 
alumina samples vas determined by absorption of nitrogen at Mguid 
nitrogen temperatures, Both total activity and specific activity 


decrease as the temperature increases above 600°, An additional loss 
of area and activity is caused by the presence of water vapor during 
activation, as compared with heating in a vacum, Specific activity 
of the surface, however, is nearly independent of water vapor. 


2. Physical Adsorption and Chenisorption 


Several nethods have been used to distinguish between physical 
adsorption and chemisorption (3). Anong these nethods are neasurenent 
of heats of adsorption, determination of the presence of an activation 
energy, nobility studies, and absorption of light. In sone cases, it 
is difficult to make a couplets distinction, even with the use of 
Wiese methods. 

A study of earbon-oxygen exchange has been nade by Bischens 
and Webb (4), A mixture of C20 ana cO"® was chemisorbed on iron, 
and progressively desorbed at temperatures fron ~76° to 160°. The 
Aosorbed cas was anslysed for C0" vith a mass spectrometer. A 
significant intemolecular éxohange occurs at temperatures as low as 
33°. ‘The desorbed gas collected at 120-160° contained almost 
50 per cent C0,+ 

A sumary of the uses of physics and cheniesl adsorption is 
given in the Advances in Catalysis series (3). There are two principal 
uses for physical adsorption in studying eatalyste. One is involved 
An the measurement of surface areas of finely divided catalysts; the 
other, with the measurenent of pore size of catalytic materials. 


Veasuring curfeoe areas involves measuring adsorption isotherms for 
Various inert adsorbates at temperatures close to the boiling points 

of the gases, and determining the point on the isctherns corresponding 
‘to the volume of gas required to fom a single close-packed layer on 

‘the catalyst surface. 

Physical adsorption is also used to neasire the pore size of 
‘the tiny capillaries present in most eatalysts. By taking inte account 
Doth the formation of miltilayers of adsorbed gas and the condensation 
of tho adsorbate in the capillaries, one oan, in principle, ealeulate 
the size distribution of capillaries in solid adsorbents, It has been 
shown that pore distribution can affect the apparent ordar of the 
eatelytic reaction, the tenperature eoofficient, the fraction of the 
surface participating in end contributing to the catalytic resetion, 
‘the specificity of the catalyst, and the behavior of the catalyst after 
At 4s exposed to various poisons. 

Chemical adsorption is useful in measuring the fraction of a 
catalyat surface which consists of the oxtalytically active material. 
Use of isotopic forme of adsorbate can yield infornation as to the 
apparent homogeneity and hoterogencity of a catalyst surfece. The 
‘biggest application of chemisorption is related to the idea of the 
part it plays in catalytic reactions, 


2+_Surface Hoterogenes ty and Adsorption Studies 


Several studies have been nade relating kinetics to adsorption 
Phenomena, Antipina and Frost (5) studied the adsorption coefficient 
of ethylene on alunimm oxide, and its temperature dependence, fron 
Kinetic data. Taylor and Thon (6) made a study correlating kinetics 
of surface catalyzed reactions with active centers, In this study, 
@iverepancies between initial rate and eourse-of-resction kinetic Lave 
are attributed to the rate~deternining role of the surface density of 
active centers. The conclusion is that the surface catalysed reactions 
Anvolva an opening step consisting in reaction between the active 
centers at the surface and nolecules of the gas phase reactant. This 
is followed by further reactions with gaseous molecules to form the 
final products. The rate of the initial step is determined by the 
density of active centers produced by one reactant and the gas phase 
coneentration of the other reactant. A sumary of Kinetics of surface 
properties has been written by Taylor (7). Two theories relate to the 
@isorepancion between initial and course-of-reastion kinetic rate 
laws in heterogeneously catalyzed reastions. The theory of Thon and 
‘Taylor and the Semenov theory (6,7) both assume a chain character for 
surface catalyzed reactions, rather than a reaction between chenisorbed 
Species. In the Thon and Taylor schene the reaction product arises 
‘fron a chemisorbed species and a gaseous reactant, whereas in Senenov's 
‘Sehene the product 4s formed by reaction between a free radical and 
an inert molecule, Another sumary of adsorption equilibrium and the 


kinetics of processes on heterogeneous surfaces is given by Tenkin (8), 
‘The connection between kineties of a heterogeneous reaction and 
adsorption on catalysts has also been studied by Antipina and Frost (9). 
Hughes and Hill used a flow systen to study the kinetics of the 
oxidation of earbon monoxide over a vanadiun oxide catalyst (10). 
‘They caleulated the presence of twenty active sites per on’, which 
‘wes very mich less than the totel number of sites; calculated on the 
basis of atomic distances. This indicated a heterogeneous surface, 
with only very special type sites entering into the reaction. 

The importance of pore size in catalytic studies was denonsteated 
‘by Rienacker and Weneke (11). They studied the decomposition of iso~ 
propyl alechol into water vapor and propylene over sixteen different 
types of activated alumina in the temperature range 250-00°. The two 
pringipal samples of alumina were prepared by thermal decomposition 
of hydrated alunimm sulfate and slutimm nitrate. All samples gave 
‘X-ray powder photographs corresponding to gamma alumina. The catalytic 
activity for isopropyl alechol dehydration could not be accounted for 
on the basis of the surface areas of the various samples as neasured 
ty the BE? method with butane at 0° as adsorbate. However, if both 
surface area and pore size were taken into account, the relative 
activities of the catalysts could be approximately ascounted for, 
A theory of adsorption has been proposed ky Gugel and Ruderman (12). 
They attribute observed slow adsorptions to surface migration of gas 
molecules into cracks difficult of access. An apparent: desorption 
occurs following an increase in pressure. The rate determining process 
appears to be the surface migration into the cracks. Work by 
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K, 8. Rao and By S. Rao (13) involved a comparative study of the 
capillary spaces in gels of silica and alumina, The adsorption of 
pyridine vapors on alumina increased when the activation temperature 
was inereased fron 400° to $00°, and decreased when the gel was 
activated at 850°. This vas attributed to a variation in the sise of 
capillaries. 

A postulation of the existence of active centers in chenical 
adsorption and contact catalysis has been made by Bucken (14). A study 
of physical adsorption on nonuniforn surfaces by Tompkins (15) led to 
the belief that nonuniformity of an adsorbent surface affects the 
Asothem obtained in physical adsorption. Work involving physical 
adsorption on heterogeneous surfaces has also been carried out by 
‘HAlL (16); and Zhdanov (17) has carried out a caleulation of the 
structure of porous sorbents fron the sorption isotherms. Sips (18) 
has also done work comected with ascertaining the structure of a 
catalyst surface. This involved a ealoulation of the distribution of 
adsorption energies of sites of the catalyst surface, when the 
adsorption isotherms were Inown, if the adsorption was localised, and 
‘there were no interactions, A paper by Honig (19) yields information 
concerning adsorbent-adsorbate interactions ond surface heterogeneity 
in physteal adsorbtion. Yan der Waals and electrostatic interactions 
are applied to caleulations of adsorption energy. Soluit (20) discusses 
adsorption as a nethod for determining the structure of a catalyst. 
Physioal adsorption gives information chout surface areas and 
distribution of pore sizes, but not sbout the nature of the surface. 


Chenisorption studies are valuable for obtaining the latter 
information, 

Maclver, Zabor, and Emmett (21) studied adsorption of normal 
olefins on silice-alunina eatalysts. The adsorption of I-butene and 
Irectene was studied to determine the nechanisn of catalytic cracking, 
I-Butene was strongly adsorbed by ailica-elunina catalysts at 
temperatures as low as ~78°, the adsorption being sensitive to the 
pretreatnent of the catalyst, It was detertined that the alow step 
was the step iff which carboniua ions break up into sualler fragnents 
and desor’ fron the catalyst surface. The apparatus used consisted 
of a voluetrie aysten for adsorption measurenents at low pressures 
(four me) and a flow type gravinetric systen for adsorption 
neasurenents at higher pressures and at tenperatures sbove those 
at which decomposition 1s initiated. Long pariods of time were used 
for evacuation, 

The chenisorption of oxygen on silver has been studied by 
Kumer (22), ‘The study was nade by neasuring the change in surface 
potential of a silver surface produced by oxygen chemisorption, and 
by measuring the parnagnetion of a silver surface after oxygen 
chemisorption, ‘The change in surface potential vas obtained by 
measuring the current flow into or out of a condenser consisting of 
gold and silver plates at approximately 220°, when oxygen is adnitted 
‘to the aysten, The change in surface potential was negative, 
approximately 0.2 volts. The surface paranegnetisn was measured by 
orthe-para hydrogen conversion, and the surface after oxygen 
chenisorption was found to be slightly paranagnetic, corresponding to 


one unpaired electron per 150 2. A vibrating reed electroneter 
measured the voltage drop seross a resistor as oxygen was adnitted 
‘to the sheet, or the aurface oxide vas redueed. 

Progressive poisoning of alunina catalysts by sodiun hydroxide 
has been investigated by Borosov, Dris*ko, and Borisova (1)+ Samples 
of alumina prepared in four different vays wore made to adsorb 
@ifferent amounts of sodiun bydrexide from solution, then dried and 
kept for one hour at 450°, The catalytic activity of each ample vas 
detersined fron the snount of ethylene produced when ethanol was 
passed over it at 420%, Total adsorption surface was determined by 
neans of a sorption balance with methanol as alsorbate. Specific 
Gravity, voluse of mieropores in os./g+, total surface in ms/gs, and 
ni/ec., and total and specific catalytic activities of each of the 
initial samples were determined, The rate constant for formation of 
ethylene was shown as a finotion of adsorbed sodiu hydroxide in 
millinoles/g. for each type of sample. Relative rate constants ware 
Plotted as functions of the millinoles of adsorbed eodium hydroxide 
Par square on. of adsorbing surface. The pore sine and total surface 
of the alumina were unchanged by the sodiun hydroxide treataent. 
Catalytic activity decreased as the anout of sodiun hydroxide 
inereased, nost rapidly for snallest anounts of adsorbed sodiim 
lyriroxide. This was attributed to adsorption of sodiun hydroxide on 
the nost active surface sites. Tt was concluded that the active 
regions comprise 5-10 per cont of the totel surface of the aluxina 
samples. The number of active centers per unit ourfase depended upon 
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the purity of the sample and not on the manner of its preparation, 

A correlation of adsorption and catalytic activity was nade 
‘by Rumford (23). Carbon monoxide and hydrogen adsorption on zine~ 
chroniun catalysts was studied. The reaction seemed to be greatest 
when the earbon monoxide and hydrogen were adsorbed in equal-molecular 
quantities. 

A simple molecular mechanism for heterogeneously catalyzed 
reactions has been devised by Rideal (24). According to Rideal, 
surface catalysed reactions take place between a chemisorbed radical 
or atom and a nolegule derived fron the gas phase. The covalent bond 
Detween the chemically adsorbed constituent and substrate is either 
not broken or converted to a Van der Waals bond. 

A great deal of work on adsorption has been done by Roginskii, 
‘who has made a general analysis of processes on heterogeneous surfaces 
and their application to the theory of adsorption. Aecording to 
Roginsidi, the existence of a causative relation between catalysis 
and the kinetics of activated adsorption has not been definitely 
Proved, because of contradictory experinental results (25). 

The notion of a heterogensous surface in the theory of 
adsorption was also advanced ty Bonch~Bruevich and Vol'Kenshtein (26). 
The adsorption isotherm they obtained led to the idea of the existence 
of two types of surface sites, each in a variable mmber. Adsorption 
Dehavior was deseribed as a consequence of heterogeneity or interaction 
between the adsorbed atone, 

‘The contributions of several workers may be cited to sumarize 
‘the experimental methods used in surface heterogeneity studies. 


Studies of catalytic activities on single spheres of copper, ty 
Gwathmey and Leidheiser (27), suggest that orientation may be 
responsible for differences in the rates of the catalytic reactions. 
The reaction of hydrogen and oxygen shows the highest rates on those 
places on the surface of the copper sphere that are parallel to 111 
directions. Those parts of the surface that are parallel to 100 
@irections are seriously roughened by the reaction, though the rate 
of the reaction is lower than on the 111 parts, which are not 
Toughened. Tt would seen that on the parts which are parallel to 
100 planes both hydrogen and oxygen atons penetrate into the copper 
to sone depth and react underneath the actual surface, and the quicker 
vate on the 111 parte [parallel to the 111 planes that are not actually 
present] prevents the atons fron penetrating. There is no direct 
parallelism between heats of adsorption and catalytic setivities. 

Another argunent, used by Trapnell (28), to prove the existence 
of an important heterogeneity of the adsorbing surface, is taken from 
‘the inhibition that eatalytic reactions may suffer fron the addition 
of quite snall quantities of strongly adsorbed poisons. 

4n experinental nethod of investigation which may indicate in 
a direct way the existence or nonexistence of heterogeneity for 
chemisorption has been devised by Roginskii and Todes (29). By this 
method the adsorption 1s performed in two steps by the use of 
@ifferent isotopic forms. A study of the isotopic composition of the 
‘two portions could yield information concerning surface heterogeneity: 
A heterogeneous surface should lead to the fraction which is adsorbed 
first being desorbed last. Ennett and Kummer (30) studied the 
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adsorption of carbon monoxide on an iron amonia catalyst by this 
method, and found a partial mixing of the desorbed gas, as if the 
surface consisted of a heterogeneous complex of homogeneous parts. 
Similar results were obtained by Eischens (31). The chemisorption of 
nitrogen on an iron amonia catalyst was also studied by Emett and 
Kummer (32), who found that the surface behaved as if it were of a 
homogeneous character. 

Taylor and Liang (33) did some work involving neasurenents 
of extent of adsorption at constant gas pressure and at successively 
ingreasing temperatures. They studied the adsorption of hydrogen 
on sing oxide, at a temperature range in whieh Van der Waals adsorption 
‘was negligible. Surface areas vere measured with nitrogen, at liquid 
air or Liguid nitrogen temperatures, and were computed according to 
‘the BET method, 411 catalysts were evacuated at 410° for ten hours, 
Defore adsorption. When the temperature was increased fron 111° to 
154°, there was a sharp drop in adsorption, but this was followed by 
a slow inerease. hen the temperature was increased to 184°, there 
‘wos again a sharp drop, then a slow increase in adsorption, After 
‘two hours, the anount adsorbed had equalled that at 154°. A sintlar 
sharp decrease in extent of adsorption followed by a slow recovery 
was observed when the tenperature was increased by the folloving 
Anerenents: 184-218°, 218-256°, 256-302. To check these results, 
‘the temperatures were successively lowered through the sane sequence, 
always at a working pressure of one atnosphere. There was a sharp 
inerease in adsorption at each change to a lower temperature. In a 


later run, the tonperature was increased from 111° to 154°, causing 
desorption, followed by a slow adsorption, hen the temperature was 
lovered again to 111°, there was on innediate readsorption of one ec 
of gas. After negligible further change of adsorption with tine at 
111°, the temperature was raised again to 194. Again, desorption 
was observed. This would seem to indieate independence of adsorption 
sites at the two temperatures, the area covered by one co. of hydrogen 
at 111° being bare at 154%, Similar observations were reconied at 
working pressures of 0.5 and 0.25 atnospheres, In general, then, the 
anount of adsorption increased steadily with tine at a given teupere- 
‘ture, but on raising the tenperature, there was a rapid desorption of 
hydrogen, followed by a characteristic rise typical of slow chemisorption, 
Slow adsorption ean be explained only on the assumption that it 
occurred on a part of the surface on which adsorption was unable to 
cocur at the lower temperature, the activation energy being too highs 
Taylor and Leng discuss 2 simplified illustration, with two 
types of surfaces, A and B, with activation energies E, and By, and 
hoate of adsorption q, and qg- If E, 4s low and B, high, there will 
be adsorption on A only, at lover temperatures, the rate of chemi~ 
‘corption on B being too low. If the activation energy for desorption 
fron A, Ey + q,y 48 sufficiently low, there may be rapid desorption 
fron A as the tenperature 1s raised, end adsorption on B may ocaur at 
a reasonable rate, B, + gy being large enough for B to be covered to 
an appreciable extent. ‘The overall result is that when the teuperature 
4s increased, the gas is desorbed fron A, and adsorbed on 3. 
Measurement of rates of adsorption at the two temperatures will not 
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‘lead to an activation energy which has any real significance, since 
different sites are involved. 

‘Taylor and Sadek (34) used the sane technique as Taylor and 
dang, in studying various supported nickel catalysts. Tho surface 
areas were measured by the BBT nethod with nitrogen, at liquid nitrogen 
temperatures. Tha adsorption of hydrogen was studied at tenperatures 
of ~195°, ~126°, ~95°, ~78°, 0°, 56%, 80°, 110°, 184°, 218°, 250°, and 
302%, Hydrogen and deuteriun were used, and the product was analysed 
‘ty means of a mass spectrometer, to determine. the anount of HD formed 
dy exchange reaction. Tt was found that two ec. of gas were adsorbed 
at “195° in a tine interval in which more than four eo, ware adsorbed 
at 126°, and more than eight ec. at ~95°, This behavior, then, was 
typieal of slow activated adsorption, In studying the hydrogen- 
douteriun exchange reaction, the gases were allowed to flow for at 
‘Least one hour before a sample was taken for analysis. Low values 
obtained for the activation energy were attributed to heterogensous 
‘effects. The adsorption-readsorption phenonenm discussed previously 
was again found. There was a marked variation in the surface 
available for reaction at different tenperatures. The work eonfimmed 
‘the heterogeneity of the surfaces of six different nickel catalysts. 
‘The adsorption at ~195° was analysed to determine the relative snounts 
of Van der Waals adsorption and chenisorption of hydrogen. Tt was 
found that different preparations of the catalyst led to different 
relative anounts of the two types of adsorption. 

Tn connection with this type of work, Halsey (35) suggests 
‘that the statement that one of the processes of adsorption, reaction, 


or desorption is the rate determining step appears to be no longer 
Possible if the reaction takes place on a non-uniform surface, with 

8 complete range of activation energies available. On one part of 

‘the surface one process will limit the resstion, while on another, a 
different process will be ratewetermining. A non-uniform surface 

nay appear unifora for a reaction under a given set of conditions, 

‘but the pressure dependence of the reaction, ealoulated on the assumption 
of a uniforn surfage, will be in error. 

Weber and Laidler (36) studied the exchange of amonia and 
deuterium on an activated iron eatalyst. At 122°, a mixture of 
deuterated amonia was rapidly pumped off to « residual pressure of 
Jess than one micron. The reaction vessel was then closed off fro 
‘the pumps, and the rate of desorption of the mixed amenia was found 
to be 5x10? mole sec) The tectope amonia was then aided to 
Give a pressure of twenty on. The rate of desorption of the deuterated 
smmonias was 1.4 x 10 nole sec, an inoreased rate of 300-fold. 
Adeiesion of amonta to the catalyst increased the deuteriun desorption 
ten-fold. The increase in rates of desorption of molecules fron 
surfaces, upon adsorption of other molecules, was explained in terms 
of strong interactions between adsorbed molecules. The nechanisn was 
‘assuned to involve reaction between adsorbed amonia and adsorbed 
deuterium. 
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Se_Brporinental Nethods 
L:_Apparatus 


‘The apparatus used for this study is shom in Figure 1. The 
alcohol was contained in flask D, This was connected to the systen 
‘by means of a tapered joint, B, and stopeocks A and C, The therac~ 
couple gauge, F, was connected to the systen by stopcock 5 and was 
used to ensure low pressure in the syste. Stopeock @ connected the 
nereury U-tube nanometer, i, to the rest of the systen. The nanoneter 
‘was used for dead-space weasurenents, by the usual procedure of letting 
nitrogen gas into the manometer, then expanding it into various parts 
of the systen, and using the ideal gas law for volune caloulations. 

The eatelyst flask, M, was connected to the system by stopsock J 
and bell joint X, The standard taper joint, L, was of a special type, 
80 that the catalyst could be kept under vacwmm at all tines, A 
narrow channel was nade in the female joint, and the male joint was 
filled in at the botton, A small orifice was made in the male joint, 
to fit the channel in the fenale Joint. Thus, by rotation of the two 
Joints, the catalyst could be kept under vacwm even if ciroustances 
necessitated taking the catalyst flask off the system during a run. 
Stopeock N was used to separate various parte of the systen fron the 
‘vVacuun puap when necessary. 

The drip tube, P, was connected to the systen by a ring seal, 
0, and the trap, R, was connected by means of a Joint, Q. Stopoock $ 
was a two-way stopeock, ty means of which the trap could be altemately 


FIGURE 1. Apparatus 


connected to the vibrating-reed electroneter or the vacuum pump, The 
ionisation chamber of the slectroneter was set up so that it could be 
onnected to the trap or the vacuun pump. Heating of the catalyst was 
accomplished by means of a snall furnace, with the temperature 
controlled by a Variac. 


2:_Materiale 


‘The catalyst material used was taken fron a quantity of Alcoa 
Activated Alumina, grade P-1, obtained in granule form, The alunina 
was placed in a tube and heated at 450° for a period of twenty-four 
houre at a preamire of fifty microns. The temperature of the furnace 
was controlled by a chronel-alunel thernocouple and Wheelco proportioning 
controller. 


Je_Adsonption and Desorption Procedure 


Several prelininary runs vere nade using untagged slechol 
alone, to determine vhat tenperature increments and tine intervals 
would be favorable for efficient fractionation of the adsorbed aleohal. 

The aleohol was degassed by punping on the alechol flask which 
was imorsed in a Miquid air bath, then outting the flask off fron 
‘the punp by means of stopcock C, renoving the liquid air bath, and 
allowing the flask to wars. This procedure was repeated until the 
@leohol was completely degassed. The alutina was ground to a fin 
Power (100 mesh) and placed in the eatalyst flask, Me To renove 


moisture, the alunina was heated under vacuum at 200° for several hours. 
‘Tho thermocouple gauge, F, was used to determine when all the moisture 
had been driven off, ‘The alcohol was then adsorbed on the aluzina at 
Foon temperature by opening stopsocks C, A, and J and closing stopeock Ny 
tims shutting off the catalyst and alechol from the vaewm pump, which 
was left running. Amounts of alcohol adsorbed after various tine 
intervals were obtained by weighing the catalyst flask after pumping 

At oute 

‘The next step involved desorption of the alechol which had 
‘been adsorbed by the alumina, This was done ty heating the catalyst 
‘flask to various temperatures for one hour intervals, and collecting 
‘the desorbed material in the trap, R, which was cocled by means of a 
Dry-ee and acetone bath. During this period, the stopeock ll was 
‘opened, to allow passage of the desorbed material fron the catalyst 
flask to the trap. Stopeook S was closed so as to shut the trap off 
‘from the vacuum pump, which again was left running. Amounts of 
material desorbed after various periods of tine again were determined 
by weighing the catalyst flask. 

‘It was decided that the desorptions should be carried out at 
one-hour intervals at temperature: increments of twenty degrees, ranging 
from 120° to 200°. This was later modified to include temperatures 
‘from 100° to 220°, again at twenty-degree intervals. 

‘The performance of the vibrating-reed electronster was tested 


by condensing tagged aleohol direetly from flask D into trap R, and 
‘then running the material fron the trap into the ionisation chaxber 


of the electrometer. This was done by opening stopeock U, and flushing 
‘the materiel into the chanber with helium, It was established that no 
additional current was obtained fron the heliun iteslf, as the back- 
ground current always present was not increased when heliun alone was 
put into the chaser, ‘The trial runs with tagged aloohel were 
continued until reproducible results were obtained. 

Rune were then made using tagged ond untagged portions of 

slechol. Types of runs included: 

(1) Adsorbing tagged alcohol alone for one and a half hours. 

(2) Adsorbing tagged aleohol for one and a half hours, then 
untagged alechol for one and a half hours. 

(3) adsorbing untagged alechol for one and a half hours, then 
‘tagged aloohol for one and a half hours. 

(4) Adsorbing untagged aleohol first for a short period of 
‘tine, gradually inereasing the tine of adsorption with 
each run, fron ten minutes to twenty minutes to thirty 
minutes, ote. In each case, tagged alechol was adsorbed 
for one and a half hours, after the untagged alcohol had 
‘been adsorbed. 

(5) Reversing step (4), that is, adsorbing tagged alechol 
first for a short tine (ten minutes, ete.), then untagged 
aleohol for one and a half hours. 

‘The tagged aleohol sample was prepared by diluting 0.5 

nillicuries of radioactive material with absolute untagged alechol to 
a total volune of two milliliters, 


Again, in making the runs, the alumina was ground to a powler, 
placed in the catalyst flask, and pumped out at 200° for several hours. 
‘The aleohol, either the tagged or the untagged sample, depending upon 
‘the type of run being made, was degassed ty pumping on the reactant 
‘Mlask D, while it was iomereod in a Liquid air bath, Again, the 
Liquid ai bath was removed, stopoock C vas closed, and the flask 
‘was alloved to warn up to room tenperature, This procedure was 
repeated until eonplete degassing hai occurred. The thermocouple 
‘emugo, F, was used to follow the pressure changes. The aleohol was 
then slowed to adsor on the aluxina at room tesperature, by opening 
stopeocks C and J, and allowing the alochol vapor to flow fron flask D 
to the catalyst flask, Ms During this time, stopcock l was closed, 
20 that the catalyst flask was cut off from the vacwm pump, which 
again was left running, After adsorption had been carried out for 
‘the desired length of time, according to the type of run being nade, 
‘the systen was pumped.out. The thermocouple gauge was used to 
éetermine when complete evacuation had ossurred. Then, the other 
sleohol sample was degassed end adsorbed, in the sane manner as 
previously described. The. aysten, including the catalyst flask, was 
‘then evacuated. 

‘Tho desorption procedure followed was to. desorb fractions 
over a temperature range of 120° to 200°, at twenty-degree increnents, 
and, in later runs, to desor fractions over a texparature range of 
100° to 220%, again at twenty-degree intervals. The catalyst flask 
was heated by neens of a furnace to the desired tenperature, with the 


Yariae used as a temperature control. The desorption was carried out 
at the desired temperature for one hour, During this tine, stopeosks 
J and li were open, to pernit passage of the desorbed material fron the 
catalyst flask, M, to the trap, Re The desorbed material was condensed 
in the trap by cooling the trap in a Dry-Tee and acetone bath. The 
stopoock $ was closed, so that the trap was shut off from the vaoum 
pump, which was eft running, as it was for the entire run. After 
‘the desorbed fraction had been run into the ionisation chamber and 
counted, the systen was evacuated, and desorption of the next fraction 
was begun. 


4e_ Counting Progedure 


A portion of the trapped desorbed material was then run into 
‘the Jonisation ehanber, at roon temperature. Stopeock N was closed, 
‘to shut off the rest of the systen. Stopeock U was opened and heliun 
was passed into the trap containing the desorbed material. Stopeook S 
‘was tumed to connect the trap to the ionization chanber of the 
electronster. ‘The desorbed aleohol, diluted by the heliun, was thus 
carried into the ionisation chaiber at atmospheric pressure, which 
‘was measured by means of a U-tube mercury manoneter. Counting was done 
ty means of a Brown Electronik recorier. When a steady current was 
veaghed, the chanber was punped out by opening stopoock T to the vacwun 
pump. The procedure was then repeated with the next portion of 
desorbed material, until finally no eurrent in excess of the background 
current was observed. It was necessary to run through several portions 


in this manner, in order to completely count the fraction desorbed at 
any given temperature. 


5-_Galoulations 


The relative anount of activity in a given desorbed fraction 
could be obtained sinply by suming the heights of the peaks obtained 
on the recorder for that fraction. After a coupleted run, the total 
amount of tagged material desorbed was calculated, again in terns of 
peak heights, and the pereentage of the total tagged material desorbed 
‘at cach temperature was then calculated. Fron this, it was possible 
‘to tell whether the adsorbed material which was put on first cane off 
last, for the most part, or whether the material initially adsorbed 
was desorbed mostly in the early fractions. 


DR Results 


‘The anount of tagged alechol desorbed at any given temperature 
was measured by swating the peak heights recorded on the recorder. 
This corresponded to the activity of the alcohol which was passed 
Anto the Sonisation chanber, after being desorbed at the given 
‘temperature for one hour, and collected in the Dry-Tee acetone trap. 

The tables list the temperatures of desorption, anount desorbed 
at each temperature, percentage of the total anount of tagged alechol 


‘which was desorbed at each temperature, and total aount of tagged 
aloohol desorbed for each run. ‘The nunbers represent peak heights as 
obtained from the recorder. The procedures for the various types of 
runs are described in the experinental section, and are sumarised 
for each run, in the tables. 

The graphs represent plots of per cent desorption of totel 
‘labelled material versus temperature, and include all runs conducted 
over the temperature range 100-220°, The points representing Rims T 
of Tables VIZ, IX, and X are stom on the graphs, but mo lines ‘have 
‘been dram connecting thes, Explanations concerning whieh runs the 
various curves refer to are included on. the graphs. 

‘The runs may be broadly divided into two classes; those in 
‘which tagged aleohol was adsorbed first, followed by untagged aleohol, 
and those in whieh this procedure was reversed. The runs conducted 
over a temperature range of 120-200° yielded ineonsistent results, 
‘and the following discussion will therefore be applicable solely to 
‘those runs where desorption was carried out over a temperature range 
of 100-220, Generally, the largest fraction of tagged aleohol was 
desorbed at 100°, A rather large fraction was desorbed at 120°, and 
a much smaller fraction at 140%, The desorption curves for most of 
‘the runs show a minimum in activity for the 140° fraction. There is 
an inerease of activity going from the 140° to the 160° frastion. 
Then, for the rus in which tagged aleohel had been adsorbed first, 
the activity inereases in the ortier 160° fraction, 180° fraction, 
200° fraction, There is very little activity shown by the 220° 
fraction, For the rms in which untagged aleohol had been adsorbed 


first, the activity decreases in the onter 160° fraction, 180° fraction, 
200° fraction. Again, there is a negligible anount of tagged alechol 
‘eft after the 200° adsorption. 

One series of runs was nade in which the tagged alechol was 
adsorbed first, for ten, twenty, and thirty minutes, respectively, 
followed ty adsorption of untagged alcohol for one and a half hours, 
in each cases the total anount of activity increased with increasing 
tine of adsorption of the tagged alcohol. For desorption in the 
160-200° temperature range, the percentage of total tagged alcohol 
desorbed increased vith increased tine of adsorption of the tagged 
allgohol. 

A series of runs was nade which reversed the above procedure, 
Untagged alechol was adsorbed first, for ten, twenty, and thirty 
nimtes, respectively, in the three runs, and this was followed in 
‘each case with adsorption of tagged aleohol for one and half hours. 
‘The total snount of activity in the desorbed fractions decreased with 
Anoreased tine of adsorption of untagged alcohol. For desorption in 
‘the 160-200° temperature range, the percentage of the total tagged 
aleohol desorbed decreased with increased tine of adsorption of the 
untagged aleohol. 
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FIGURE 3. Per Cent Desorption Versus Temperature for Adsorption 
Alcohol, Then Tagged Aleohol, for One and a 
Half Hour Periods 
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FIGURE 4. Per Cent Desorption Versus Temperature for Adsorption of 
‘Tagged Alcohol for Short Time Intervals as Shown, Then 
Untagged Aleohol for One and a Half Hours 
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The large paroentage of tagged alechol desorbed at 100° in 
all runs indicates that sone of the adsorbed alechol is loosely held 
‘ty the alumina surface, and is desorbed relatively easily. It would 
appear that all of this material is desorbed in the 100° and 120° 
frostions, which would explain the minim desorption observed at 140°, 

Tt appears that a second type of adsorption also takes place, 
in which the aleohol is tightly bonded to the alumina surface. The 
loosely held material is desorbed before the 140° fraction is reached, 
and higher temperatures than 140° are necessary to desord the bulk of 
the strongly bonded slechol. Thus, we got a minimm of adsorption 
at 140°, then an inerease at the higher tenperatures, as the nore 
tightly held material 1s desorbed. In short, then, we can correlate 
‘the 140° ninisun, and subsequent increased activity at higher teapere- 
‘tures with the idea of two different types of adsorption, with greatly 
different bond strengths. 

Possibly, the inconsistent results obtained when a desorption 
Yonge of 120-200° was used arise fron the fact that a lover tenperature, 
or longer tine of adsorption, is necessary to separate the loosely and 
‘tightly bound alechol. Desorbing for one hour at 100° and one hour at 
120° accomplishes this separation feirly effectively. To confirma this, 
runs starting at even lover temperatures could be used. Then, one 
could discover more precisely how easily the loosely held material is 
desorbed. 


The increase in activity in going fron the 160° to the 200° 
fraction, in runs where the tagged alechol was adsorbed first may be 
explained by a surface heterogeneity. That is, if some of the alumina 
sites were much nore active than others, the tagged aleohol, if 
adsorbed first, would, for the most part, occupy these active centers. 
Then, most of the tagged material would not be desorbed until the 
MMgher temperatures were reached. On the other hand, a degrease in 
activity in going fron the 160° to the 200° fractions was noted for 
‘the runs in which the untagged alcohol was adsorbed first. Again, 
‘this can be explained by postulating a heterogeneous surface, This 
‘time, the untagged alechol would oscupy a majority of the most active 
sites, and be strongly held. Most of the tagged material would then 
be somewhat more loosely held, and could be desorbed at somewhat lover 
‘Yomperatures, although a smaller portion eould still be adsorbed on 
active sites, Thus, the naximm activity would be found at 160°, with 
considerably less activity at 200°, There is also the possibility 
that the relative anounts of loosely and strongly bound material 
change with tine, either through reaction on the surface, or through 
interchange with gas phase molecules. 

If the tagged alcohol is adsorbed first for variable short 
Periods of tine, followed by adsorption of untagged alechol for one 
and a half hours, an increase in the astivity of the desorbed fractions 
at 160-200° is noted as the tine of adsorption is inereased fron ten 
‘to twenty, and in turn, to thirty minutes. The total anount of 
activity also inereases with increased tine of adsorption of tagged 


aleohol. This indicates a slow, and probably activated, type of 
chenisorption. The tightly held material is not adsorbed on the active 
sites all at once, but over a period of tine. Thus, as the tine of 
adsorption of tagged material is increased, we get not only greater 
total activity, but a greater percentage of desorption at the higher 
tenperatures, that is, a greater percentage of tightly held tagged 
aleohol. 

If the untagged material 18 adsorbed first, a decrease in 
Peroentage of total activity in the 160-200? fractions occurs as the 
‘tine of adsorption of untagged alcohol is increased. Therefore, the 
untagged alechol interferes with the later adsorption of tagged 
aleohol, If a slow chenisorption is occurring, the mmber of active 
sites tied up by tightly held untagged aleohol should increase with 
‘tine of adsorption of untagged alcohol, thus decreasing the peroentage 
of tagged aleohol which will be tightly held. As might be expected, 
‘the total anount of activity decreases with increased tine of 
adsorption of untagged material. Tt night be interesting to measure 
‘the total anount of alechol, tagged and untagged, which is adsorbed, 
‘to see if this would correlate with the changes in total activity 
with time of adsorption. 


NUCLEAR RESONANCE STUDIES 


Ax_lutrodaction 


‘The technique of nuclear magnetic resonance affords a means 
of gaining information about molecular structure which supplements 
previously available results. It is possible to obtain, by measure— 
nents of chenical shifts of various atous in a molecule, information 
about the electron density in the vicinity of each atom, This 
Anformation coneems the ground state of the molecule, while results 
obtained by other forms of spectroscopy depend upon a relationship 
‘between ground state and excited state. 

‘The term “chenieal shift" in nuclear magnetic resonance work 
refers to field-dependent differences between resonance line positions, 
‘These shifts arise because the lines of force of the applied magnetic 
field tend to be tured away fron the nuclei by a dianagnetic shielding 
effect of the surrounding electrons. Another contributing factor is 
@ second order paranagnetic effect, arising fron the mixing of excited 
electronic magnetic states with the ground state, caused by magnetic 
field perturbations. 

‘The degree of diamagnetic shielding is directly proportional 
to the applied field, and therefore chenieal shifts are directly 
proportional to the magnetic field. To provide a simple basis for 


ca 


comparison, it is comon to report resonance line positions in temas 
of a dinensionless paranster which is the proportionality constant 
between change of resonance frequencies. Usually, this parameter is 
expressed relative to a standani which has only a single resonance 
line. 

The chemical shift, then, refers to the shift in the resonance 
position of a given nucleus in different chemical coubinations. 

Since this shift 4s caused by the shielding effects of the surromding 
electrons, chemical shifts in general may be related to electron 
densities at various atons. 

The present study is concerned with the electronic interactions 
‘cocurring between the bensene ring and substituent groupe. These 
Anteractions are related to the rate constants for reactions at various 
positions in the ring, and thus to the activating, deactivating, and 
Airective effects of the substituents. The transfer of electrons to 
and fron the ring has been explained as a result of inductive effects 
and of resonance effects, the latter involving contributions from 
structures in which there is pl bonding to the ring, These factors 
are, perhaps, modified by polarisability charasteristies of the 
substituent groups. 

There is still mich to be learned about the details of the 
manifestations of electronic effects in particular cases and about 
how the effects produced by several substituents in the sane molecule 
modify one another. Further, we have Little evidence concerning the 
influence of resonance and induetive effects upon one another. 


‘The present work is a study of a variety of nono~ and di 
substituted bensenes by high-resolution proton magnetic resonance, 
Fron analysis of the spectra, the chenieal shifts of the protons 
attached to various positions of the bensene ring have been deterained, 
‘These shifts depend upon the electron concentration at the carbon 
aton to which the proton is attached. A comparison of relative 
Glectron densities at various positions in a variety of substituted 
Densenes can thus be made, based on the chenical shifts observed. 


B:_Review of Previous Work 


1s_General 


Original experiments in nuclear magnetic resonance vere 
performed by Bloch, Hansen, and Packard (37), Pureell (38), and 
Purcell, Torrey, and Pound (39). It was found that nuclei with 
magnetic nonents exhibit radiofrequency spectra in the one to forty 
megacyele range when placed in magnetic fields of five to 10,000 
gauss. 

The phenomenon of the chenical shift was discovered by 
Knight (40), who found that the phosphorus resonance position varied 
‘by 0.01% in several compounds. Similar effects were found by 
Dickinson (141) in fluorine and phosphorus compounds, and by Proctor 
and Yu (42) in nitrogen. 


A general theory for nuclear magnetic shielding in molecules 
has been formated by Ransey (43,4), but the complexity of the 
calculations has restricted its application thus far to the hydrogen 
noleoule. 


2:_Vses of Nuclear Magnetic Resonances 


Lemieux at. als have determined the effects of spatial 
orientation on the chenical shifts of protons in various substituent 
groups (45,56). The results have been used to determine configurations, 

The versatility of nuclear magnetic resonance nay be 
demonstrated by citing the work of Shoolery and Alder (47), and of 
Shoolery and Rogers (48). Shoolery and Alder studied the spectra of 
steroids, and found that the axial and equatorial protons were 
shifted apart by as mich as twenty qyeles per socond. This information 
has been used for several determinations of configuration. Shoolery 
and Rogers studied the proton resonance of water containing various 
concentrations of disnagnetic salts, and neasured shifts relative 
to pure water, The shifts were interpreted in tems of the breakdown 
of the hydrogen-bonded structure of water, and the ability of the 
dons to polarize the water molecules. The concentration dependence 
of the shifts indicates cation~anion interactions at higher concentrations. 
In general, near both anions and cations the electrons are pushed off 
‘the water protons giving less shielding, On the other hand, the 
Dreaking of hydrogen bonds by the ions gives greater shielding of the 
Protons, In unt-univalent electrolytes the ions are large, and they 


‘break down the hydrogen bonded structure. In this case this is their 
chief effect, and the polarisation is less important. In the ense of 
nultivalent ions the polarisation is the predominant effect. 


2._Eastors Affecting Chemical Shits 


A good deal of work has been done on fluorine resonance. 
Dickinson (49) found that there is a strong dependence of the fluorine 
shift on the nature of the chenical conbination of the fluorine. 
‘The observed shifts eould not be explained in tems of the caleulated 
Aifforence in dimagetic shielding between a neutral fluorine ston 
and a fluoride ion. Gutowsky and Hoffman (50) studied the chemical 
shifts in a series of binary covalent hydrides and fluorides, and 
‘sone interhslogen compounds. For the fluorides, the chemical shift 
‘was found to be proportional to the electronegativity of the atom 
‘bonded to the fluorine, Bvidently, the magnetic shielding of the 
‘fluorine nucleus decreases with increasing electronegativity of the 
aton to which the fluorine is bonded. These correlations differ in 
degree for the proton. 

Proton and fluorine magnetic resonance shifts in the 
halonethanes were studied by Qutowsky and Meyer (51). Experimental 
chenical shifts wore obtained for the proton and fluorine nagnetic 
‘Pesonances for the simple halonethanes and the chloroflucronethanes. 
The results qualitatively denonstrated the inportance of both ionie 
‘and double-bonded electron distributions in these compounds. The 
electronic distributions in the halonethanes are related to the 


electronic effects of the halogens as substituents in benzene. 

For the halogen-substituted nethanes, shifts vere eintlar 
for all halides of a given molecular type, such a6 Ciist+ This 
suggests that the changes associated with halogenation are not 
mised in a simple namer by electronogativity differences, but the 
effects of the latter are balanced partially by an opposing mechanisa. 

For the hydrogen halides, the shift inereased in the onder 
HL, HBr, HOL, WF, with HT snonalously low. This is in Mine with 
the inereasing ‘onie character of the Hit bond in going fron HI to HP. 
However, the shift observed for nethane was less than that for 
silane, even though carbon is nove electronegative than silicon, 
suggesting that bond hybridisation as well as ionie character nay be 
important. For the chlorofluoromethanes, the spectra suggested the 
importance of double~bonded structures as contributing forms. 

For the binary hytirides, the proton shielding decreased with 
muslear charge in the firet period compounds, in a nanner which was 
sintlar to the trend for the fluorine nucleus. lowever, the trend 
was reversed in the other periods, in contrast to the fluorine results. 
Gutowsky and Woffnan attribute this to the difference in the 
contributing factors to the disnametie shielding tem in the two 
eases. The fluorine aton has a 10°20" core of electrons whieh is 
relatively unperturbed by bond fomstion. The electrostatic potential 
at the P? muclous and the dlanametic shielding tem are determined 
to a lange extent by this inner core of electrons. fiovever, in 
hydrogen compounds the Gimagnetic tem is determined primarily by 
‘the bonding electrons, and moleeular differences will introduce a 


proportionately larger effect. In other words, the different trends 
in shielding in hydrogen as compared to fluorine compounds may be 
‘caused by greater variability in the diauagnetic tera for the proton. 
Saika and Slichter (52) completed an analysis of the above results. 
‘They abtributed the resonance shift between fluorine and fluoride 

ton solely to polarisation by the applied field of the large orbital 
nagnetic fields in fluorine, prodused by the instantaneous inbelance 
of, the p electrons in the valence shell of a given fluorine. These 
caloulations neglect any differences in the disnagnetic ter, and 
would not be a good approximation for proton shifts. 

Tt was also established that ionic character, as deduced 
fron nuclear nagnetic resonance, is related to bond lengths. 
Schonaker and Stevenson (53) worked on carbor-hydrogen and carbon- 
fluorine bond distances. It was found that inoreased ionie character 
‘was associated with decreased carbon-hydrogen bond length, but 
decreasing ionic character was associated with decreasing carbon 
fluorine bond lengths. ‘This suggests that double-bond structures 
nay bo more important than the ionic in determining carbor-fluorine 
ond Lengths. 

Tors (54) measured chemical shifts, relative to trifluoroacetic 
acid, for ach structurally nonequivalent fluorine aton in a series 
of fluorecarbons and fluorocarbon derivatives. A progressive 
Aisplaconent of the F'? resonance to lower fields in the series CF, 
GF, and CF, was observed. This suggests that the anount of charge 
‘that fluorine is able to draw fron a carbon aton decreases os the 
nusber of competing fluorines bonded to that carbon increases. Tiers 


aloo discusses steric and polar displacenents of nuclear spin 
resonances, Factors, apparently steric in origin, and quite unrelated 
to clectronegativities of substituents, are also of considerable 
importance in determining the positions of muclear spin resonance 
Lines in fluorocarbon derivatives. The bulkiness of substituents 
such as T and CCl, has the effect of compensating for their lesser 
cloctronegativity in producing “electron withdravel” fron nearby CF, 
and CF, groupe, Furthermore, these bilky groupe still exert strong 
“electronwithiraving” effects, even when a CF, or CH, unit ie 
interposed. According to Tiers, repulsive steric interactions with 
neighboring atous or groups produces a net displacement of electrons 
avay fron the fluorine atom, and presusably slong the fluorine-varton 
bonds This is termed a "repulsive unshielding effect. That is, net 
electron displacement away fron fluorine (and hydrogen) nuclei may be 
Andueed by repulsive interactions with neighboring groups An the 
molecule. 

Gutowsky, Seika, and Meyer (55) have studied proton shifts in 
simple organic compounds. They found that the proton in a hydroxyl 
group shows progressively less shielding and therefore increased ionic 
character in the order alechols, phenols, and acids, in accord with 
‘their inereasing acidity. A similar correlation was found by Sheolery 
(56) between the proton shifte of the CH, group in substituted ethanes 
and the electronogativity of the substituent, 


4 Solvent Bffeots 


‘The necessity for extrapolating to infinite dilution to obtain 
comparable results for different compounds is indieated by the work 
of Baker (57), who measured chemical shifts for the para protons in 
several substituted bensenes, as found by measurement on the pure 
Liguid, and as extrapolated to infinite dilution in carbon tetrachloride 
fron data obtained on 5 and 10 per cent volune concentrations. The 
shifts for the pure Liquids do not seen to fall in any recognizable 
order, but those found by extrapolation follow the order expected 
fron the electrical effects of the substituents. 

Mediun effecte in nuclear magnetic resonance spectra of 
‘Uguids have been discussed by Bothner-By and Glick (58,59). Two 
molecular properties affect the strength of the applied field 
necessary to induse resonance in the high-resolution nuclear nagnetic 
resonance spectra of liquids. The first factor ie diamagnetic 
shielding by the valenee electrons. The second factor involves 
altemation of the effective field at the molecule by the bulk of the 
‘Mguid. Anomalies may arise whenever there is a possibility of a 
preferred orientation of magnetically anisotropic nolegules adjacent 
‘te the molecule under study. That is, there exists a highly specific 
orientational effect. The addition to several liquids of a single 
substance intended to serve as a reference nay result in unpredictable 
shifts, Extreme care mst be exercised in the use of intemal 
standards. Also, the simple relationship between proton resonance 
Line position and sample volune susceptibility applicable to mixtures 


of simple aliphatic compounds does not hold for mixtures containing 
an aronatie compound as a component. The addition to several liquids 
of @ single substance intended to serve as a reference will be 
suecessful insofar as the reference substance is subject to the sare 
anomalous shift as the sample in each of the solutions. Resonance 
lines from different proton groups in the sane noleoule are often 
shifted by different aounts on dilution with an inert solvent. 


4__Subatituted Bengenes 


Dailey and Corio (60) studied the relative electron densities 
in substituted bensenes, The proton magnetic resonance spectra of 
‘a nusber of monosubstituted bensenes were studied in an attempt to 
derive values of the relative electron densities fron observations 
of the chenioal shifts of the ring protons, and to study the effects 
of various functional groups on these shifts. The frequency used 
was thirty megacyeles, causing relatively low resolution. Samples 
were studied in 50 per cent solutions in eyclohexane, One of the 
series of compounds which was studied was toluene, bensyl and bensal 
chlerides, and trichlorotoluene. The methyl group was found to be 
activating, and orthe-para directing. The Cii,Cl group was neither 
activating nor deactivating, and could direct to neta as well as 
ortho-para positions. The CHCl, group was found to be deactivating, 
that 4s, the proton shifts indieated less electron density in the ring 
‘than in bensene, Further, the CHCL, group had inoreased meta directing 
Power, as compared to the CHCl group. ‘The CCl, group was deactivating, 


and predominantly meta directing. ‘These results are interpreted as 
Andleating eonpetition between the inductive effect of the chlorine 
atons, and hypereonjugation. The induetive effect increases with the 
nusber of eblorine atons added to the alphe-carbon, vheress the 
hypereonjugation effect decreases with this addition of chlorine atone. 
There is naximun hypereonjugation, then, in toluene, In bensyl 
chloride, the tw effects are of equal size, but since they are 
opposing each other (electrons being withdram fron the ring by 
Anduetive effect, donated to the ring by hyperoonjugation), there ie 
a zero shift of ring protons, With bensal chloride, the industive 
effect of the chlorine atons predominates, and with trichloroteluene, 
only the inductive effect is present. 

‘The heloger-bensenes were also studied, The electron 
densities vere as follows: 

Chiovebensens: ortho = neta = para 

Bronobensene: Approximately equal densities at all positions. 

‘Todobenzens : Electron density least at ortho position. 

Approxinately equal at meta and para positions. 

Gutowsly, MeGall, etarvey, and Neyer (61) have studied ¥9 
nuclear magnetic shielding end substituent effects in sone bensene 
derivatives, Comparison of F'? mclear magnetic shielding in fuore~ 
benzene with that in a substituted fluorcbensene is used in defining 
2 chemical shift paraneter. Experimental shift values for mono- and poly- 
substituted fluorobensenes were obtained. An enpirical correlation 
was nade of the shifts for neta and para substituents with the Kemet 
signa constants. The systenatic differences which vere revealed wore 


attributed to the dependence of the shift values on the nature of the 
electronic interastions of the substituent. The electron densities 
‘ortho to the halogens decreased in the order 7, Cl, Br, I. The 
suggestion is nade that the halogens night uithirar electrons 
selectively frou the ortho position by a mall overlap of the vassnt 
lowlying d-orbitals of the halogen with the pi-orbitals in benzene. 
Polysubstituted benzenes were investigated te determine the extent 
to which the substituent effects are additive. Deviations frow 
additivity occurred frequently, but were ususlly fairly enall. However, 
‘there were several large deviations, denonstrating significant 
Anterastions anong the substituents. 
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The spectra were run on samples dissolved in an inert solvent, 
such as eyclohexane, carbon tetrachloride, or dioxane. Two eoneentrie 
cells were used, with a bensene reference solution in the external 
eel, and the sample solution in the internal cell, Measurements were 
made on either ten and five or eight and four volume per cent solutions, 
and extrapolated to infinite dilution, This nullified variations 
eased by changes of nagnetic susceptibility with concentration, and 
facilitated the obtaining of couparsble results for different compounds. 

Speotra were run on a Varian high-resolution spectroseter 
operating at fifty-six and four~tenths negacyoles. The mugnot was 
equipped with a field trimer ond "Super Stabiliser." shift measurements 
‘wore reposted at least ten tines and the results averaged. To produce 


maximum resolution, all samples ware spun about the vertical axis. 
The laboratory was air-conditioned to maintain the temperature at 
2g £ 0.5% 

421 proton resonance shifts are expressed relative to an 
Antemal bensene standard. The difference between the position of 
‘the benzene ring poak with the bensene reference solution in the 
external and internal cells is inom for the various solvents, and 
allowed for in the ealeulations, so that the shifts are expressed 
relative to the position where the bensene ring peak would appear if 
‘the benzene solution were in the internal cell. Positive shifts are 
assigned to peaks appearing at higher fields than the internal benzene 
reference peak, Shifts to lover frequencies than the intemal bensene 
reference peak are assigned negative values. The usual side-banding 
procedure is used to determine shift measurenents in units of eycles 
per second, 

In many spectra produced by saxples of compounds with different 
groups in the para positions, account mst be taken of spin-spin 
‘coupling, With such saxples, each of the two types of protons gives 
rise to two peaks, which mst be resolved, to establish the shift 
associated with each type of proton, This is done by using the 
formia $= (X°— s%)"?, ere, 6 is the shift in resonance position 
between the two types of protons, K—J is the distance between the 
inner two peaks, and J the distance between either set of outer peaks. 
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—J—-—= x=] 
‘Then, the position of the resonance peak characteristic of the protons 
giving rise to peak 1 will be: 

Position of peak 1- (8- (K-J)J/2 
Sindlarly, position of peak 2 (resolved): 

Position of peak 2+ (8— (K-J)]/2 
‘Then, the difference in resonance position of the two peaks (resolved, 
‘as sbove), with respect to the internal bensene reference peak is 
caloulated, and this yields the chemical shifts of the two types of 
protons. 

In other eases, the ealoulation of nonents was used to resolve 
the spectra, which avoided the necessity of employing nore complicated 
quantum mechanical esloulations, A first nonent was caloulated fron 
‘the positions of the various peaks and the areas under the peaks, 
This established the “center of gravity" of the spectrun. Fron this 
position, a second nonent was caloulated, and this was related to the 


where (404 — 4y/,) 4s the chenioa) shift difference, i, and i, are the 
number of protons of each type, and <(1%)%> is the second monent. 


De_ Results and Disoussion 


The results of the proton resonance shifts studied are given 
in Table XII, The values of the chenical shifts, relative to the 
Anternal bensene standard, are tabulated in the right-hand eclum, 
‘The compounds are listed in the left-hand column, and the positions 
of the protons corresponding to each shift value are listed in the 
center column. The assignment of the shifts in pare-eresol is sonewhat 
in doubt. Positive shift values indicate a shift to higher fields, 
with respect to the internal bensene standard, which is related to 
Anerensed electron density at that position, relative to bensene, 
Negative shifts indicate resonance at lower fields than the resonance 
position for the standard. These negative shifts ean be correlated 
with a decreased dianagetic shielding effect, caused by decreased 
electron density, relative to benzene, 

Both induetive and resonance effects must be considered in 
Anterpreting the chemical shifts. In general, substituents which 
release electrons to the bensene ring by the above effects cause 
positive shifts, while electron attracting groups cause negative 
shifts. Induetive effects cause changes in electron density mostly 
at ortho positions, while resonanes effects are most strongly felt 
at ortho and para positions, with negligible influence at the meta 
positions. 

An interesting trend is exhibited by the halogen-anisoles and 
halogen-anilines. The electron density, as indicated by the chemical 
shifts, decreases at positions ortho to the halogen in the order Cl, 


Br, I. The shift 4s positive for protons ortho to the chlorine in 
pare-chloroanisole, but is negative for the ortho protons in pars~ 
Dronoanisole and pare~iodoanisole, ‘This indicates that the electron 
density at positions ortho to the halogen in pars-bronoaniscle and 
pare-iodoanisole is less than that in bensene itself, That is, the 
bromine and iodine withdraw electrons fron the ortho position. This 
effect 1s especially pronounced in pare-lodomisole, This trend may 
‘be accounted for by postulating resonance forns in whieh the halogen 
withdraws electrons. ‘This is possible if d-orbitel participation in 
‘esonanee exists. That is, the halogen acquires a formal negative 
charge by pi-bond formation with the ring. If this 4s the case, we 
would expect increasing d-orbital participation in the order Cl, Br, I. 
This is consistent with the observed shifts, indicating decreasing 
electron densities at the ortho positions in the order Cl, Br, I. An 
Andieation of the possibility of this type of resonance is given by 
‘the fast that the dipole monents of bromobensene and chlorobenzene 
are essentially equal. By an inductive effect, the nore electronegative 
chlorine should withdraw electrons fron the ring considerably nore 
‘than bromine, This means that the bromine is withdrawing electrons 
ty sone other mechanisn, in addition to an induetive effect, since the 
@ipole monents for broncbensene and ehlorobensene indicate that the 
bromine and chlorine are withdrawing electrons to approximately equal 
extents in these two compounds. ‘Thus, the possibility of bromine 
using its d-orbitals, in pi-bond formation with the ring, becomes an 
important consideration. 


Another effect which mst be considered is a magnetic anisotropy 
effect, arising from the fast that the carbor-halogen bond is nore 
polarigable in one direction aeross the bond than in the other. This 
probahly results in a shift equivalent to that produced by electron 
withdrawal fron the ortho position. 

The electron density ortho to the methoxy group increases in 
going from pare-chloroanisole to para-bronoaniscle, and, in tum, to 
pareciodeaniscle, This increase nay be attributed to a pclarization 
phenomenon, in which electrons are dramn inereasingly to the positions 
ortho to the methoxy by the increasing positive charge in the 
neighboring position. 

The shifts for the protons in ortho~dichlorebensene, and, 
especially, for the protons in ortho-Wibronobensene, show a surprisingly 
‘large difference in electron density for the two types of protons in 
each of these compounds. Two of the protons are ortho to one bromine, 
and neta to the other. The other two protons are para to one broine 
and neta to the other. The only difference, then, is that one type of 
proton is ortho to a bromine, and the other type is para to a bromine, 
The electron densities would not be expected, a priori, to be greatly 
different in the tvo eases, yet a difference of twenty-six cycles per 
second in resonance frequencies is observed for the two types of protons 
in ortho-dibromobensene, and a corresponding difference of alnost 
‘thirteen ayeles per second is noticed in the case of ortho-dichlorebensene. 

Another interesting result is the alnost equal electron densities 
at corresponding positions in pare-brosophenc] and pare-chlorophenol, 


4n contrast to the anisoles. Evidently, the phenols do not enter into 
c-orbital resonance forms with the halogens as easily as do the 
anisoles. 
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‘The first portion of this work involved tracer studies of 
adsorption processes. Tagged and untagged portions of ethyl alechol 
were adsorbed on finely ground aluzina, at room temperature, after 
being thoroughly degassed. Fractionation of the adsorbed alcohol 
was accomplished by desorbing fractions for one hour, over 
tonperature range of 100-220°, at twenty-degree increments. The 
desorbed sleohol was collected in a Dry-Ice acetone trap, and passed 
Anto the ionisation chanber of a vibrating-reed electroneter, where 
its activity was measured. 

Tt was found that the portion of aleohol which was adsorbed 
first, whether tagged or untagged, tended to be desorbed last. 
‘Aso, for runs involving adsorption of tagged aleohol first, it was 
found that the percentage of tagged aleohol desorbed at the higher 
temperatures increased with increasing tine of adsorption of tagged 
aleohol. For the runs involving adsorption of untagged sleohol first, 
‘the activity of the desorbed fractions at the higher texperatures 
decreased with increasing tine of adsorption of the untagged aleshol. 

A heterogeneous surface is indicated by the fact that the 
portion of alcohol which is adsorbed first 1s desorbed last. The 
aleohol adsorbed first is held strongly by the nore active surface 
sites. The alcohol adsorbed after these active sites are already 
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eovered is more loosely held. The variation of activity with tine of 
adsorption points to a slow, sotivated chantsorption as the rate- 
determining process. 

The second portion of the work involves nuclear magnetic 
resonance studies of chemical shifts in substituted benzenes. An 
attempt has been nade to relate the shifts to electron densities at 
‘various positions in the bensene ring, and to relate these in tum to 
‘the induetive and resonance effects of the various substituents. 

The spectra were run in inert solvents such as qyclohexane, 
carbon tetrachloride, and dioxane. Results were extrapolated to 
infinite dilution in order to vitiate effects of the change of magnetic 
susceptibility with change of concentration. Thus, comparable results 
for different compounds could be obtained. 

Shifte vere ealeulated with respect to an internal benzene 
standard. In general, electron releasing groups increased electron 
density at neighboring positions, while electron attracting groupe 
had the opposite effect. ‘In the halogen-anilines and the halogen— 
anigoles, electron density ortho to the halogen decreased in the 
onder Cl, Br, I, Further, electron density ortho to Br and I was 
‘Less than in pure benzene. 

‘A general correlation can be made between chemical shift and 
electronegativity of the substituents. The anomaly observed with the 
halogens can be attributed to d-orbital participation in resonance, 
plus a aagnetic anisotropy effect. 
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